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CHARTS FOR ESTIMATING TAIL-ROTOR CONTRIBUTION TO HELICOPTER DIRECTIONAL 

STABILITY AND CONTROL IN LOW-SPEED FLIGHT i 

By Kenneth B. Amer and Alfred Gessow 


SUMMARY 

Theoretically derived charts and equations are lyresented by 
which tail-rotor design studies of directional trim and control 
response at low forward speed can be conveniently made. The 
charts can also be used to obtain the main-rotor stability deriva- 
tives of thrust with respect to collective pitch and angle of attack 
at low forward speeds. 

The use of the charts and equations for tail-rotor design 
studies is illustrated. Comparisons between theoretical and 
experimental results are presented. 

The charts in dicate , and flight tests confirm, that the region of 
vortex roughness which is familiar for the main rotor is also 
encountered by the tail rotor and that prolonged operation at the 
corresponding flight conditions would be difficult. 

INTRODUCTION 

Tlie tail rotor of a conventionally powered single-rotor 
helicopter has two purposes — to counteract the rotor torque 
and fuselage yawing inoments and to maneuver the heli- 
copter directionally. Preliminary flying-quality studies have 
indicated a minimum desirable response of 3° yaw in the 
first second following a 1-inch step displacement of the pedals 
while hovering in zero wind. In addition to indicating a 
minimum desirable response value, these studies have also 
indicated the existence of a maximum desirable response 
value. When large pedal friction and out-of-trim forces 
are ])resent, the maximum desirable response value is indi- 
cated to he approximately 10° of yaw in the first second 
following a 1-inch step displacement of the pedals while 
hovering in zero wind. When ])edal friction and out-of-trim 
forces are relatively small, a maximum desirable value of 2 
to 4 times as large as the 10° value is indicated. 

Some of these flying-quality indications are incorporated 
in the flying-quality requirements of reference 1. In 
addition, reference 1 calls for the ability of average-sized 
helicopters to make a complete turn over a spot while hov- 
ering in a 30-knot wind and, while trimmed at the most 
critical yaw angle, to be able to achieve at least 3° of yaw in 
the first second following full defiection of the pedals in 
the critical direction. Other flying-quality and stability 
studies have indicated that careful design is frequently 
required to satisfy these criteria without unnecessary 
sacrifice in weight, rotor clearances, or other factors. Tail 
rotors for jet-powered helicopters, for example, are of 
minimum size inasmuch as their primary purpose is to pro- 

1 Supersedes NACA TN 3156, 1954. 


vide control and, unless specifically designed to satisfy the 
previously discussed requirements, might not fulfill all of 
these criteria. 

As an aid in designing helicopters to meet the directional 
requirements of reference 1, it would, of course, be desirable 
to have published information available whereb}" problems 
of directional trim and control can be conveniently studied 
for helii^opters of various types and configurations. The 
single-rotor helicopter was chosen for study in this report 
because of its wide usage and because the necessary back- 
ground theory is readily available. The results of the study 
are presented in the form of charts and related equations, 
and a comparison is made between theoretical and experi- 
mental results. In the course of this comparison, a region 
of possible directional-control difficulty is indicated. 

The charts presented herein can also be used to obtain 
the main-rotor stability derivatives relating the change in 

thrust-coefficient — solidity ratio with pitch angle 

and with angle of attack ^ at low forward speeds 

(at tip-speed ratios less than 0.10). The significance of 
these derivatives is discussed in reference 2, which also 
presents charts for obtaining them for tip-speed ratios equal 
to or greater than 0.15. 


SYMBOLS 


a 


b 

B 


c 


Ce 


Ct 

Co 

Iz 


slope of curve of section lift coefficient against section 
angle of attack in radians (assumed herein to be 
5.73) 

number of blades per rotor 

tip-loss factor (assumed herein to be 0.97) ; blade 
elements outboard of radius BR are assumed to 
have profile drag but no lift 
blade section chord, ft 

ffex^dx 

equivalent blade chord (on thrust basis) , ) ft 

J 7? dx 
T 

thrust coefficient, 
rotor-shaft torque coefficient, 

mass moment of inertia, referenced to Z-axis (vertical 

axis through center of gravity), slug-ft^ 
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It 

N 

Q 


horizontal distance from tail-rotor liiih to main-rotor 
hub, ft 

yawing moment, Ib-ft 
rotor-shaft torciiie, Ib-ft 


rate of yaw with respect to eartli axes, 


dif] 

~dt’ 


radians/sec 


H blade radius, ft 

N La.])lace transform parameter 

P rotor-shaft ])o\ver, hj) 

T rotor thrust, lb 

t time, sec 

V induced inflow velocity at rotor (always positive), 

ft /sec 

V true airspeed of helicopter along flight path, ft/sec 

X ratio of blade-element radius to rotor-blade radius 

OL rotor angle of attack (angle between flight path and 

plane perjiendicular to axis of no feathering, 
])ositive when axis is inclined rearward), radians 

2 

blade-element angle of attack at radial position - HR 

(measured from line of zei*o lift), deg 
/3 sideslij) angle (angle between ])lane of symmetry and 

flight path, positive for sidesli]) to right); for tail- 
rotor thrust to right, Pt=—cxt, radians 
dr ‘h-udder’^ ])edal deflection, positive for right pedal 

forward, in. 

7] angle of yaw with respect to eaidh axes, radians 

9 blade-section pitch angle (angle between line of zero 

lift of blade section and plane perpendicular to axis 
of no feathering), radians unless otherwise stated 
do blade ])itch angle at hub, radians 

9i difference between hub and tip ])itch angles, ])ositive 

when ti]) angle is larger, i*adians 
X inflow ratio, (T" sin a — v)lilR 

ju tip-speed ratio, V cos a/UR 

p mass density of air, slugs/cu ft 

(7 rotor solidity, hceli^R 

Q rotor angular velocity with respect to helicopter, 

])ositive in counterclockwise direction as viewed 
from above, radians/sec 
Subscripts: 
hov hovering 

i induced 

tn main rotor 

RJi at radial position BR 

t tail rotor; this subscript is used only where there 

might be some confusion as to which rotor is 
being discussed 


ANALYSIS 

Problems of directional trim and control response of the 
single-rotor helicopter involve a knowledge of the relation 
between tail-rotor collective pitch and various operating and 
design variaPh's as well as an understanding of the dynamic 
resj)onse of the helicopter to control deflection. Both types 
of information are discussed in this section. 


STATU’ ROTOR CHARACTERISTICS 


Tail-rotor collective-pitch relations can be most con- 
veniently studied by means of charts that are presented 
herein. The theory on which the charts are based is devel- 
oped in appendix A, and the application of the charts is 
illustrated in the section entitled “Illustrative Calculations.’’ 

In appendix A, ecj nations for the collective pitch of a tail 
rotor at low forward s])eeds are derived in terms of its 
forward sjieed, tip speed, sideslip angle, thrust coefficient, 
solidity, and the yawing velocity of the helicopter. Tho 
derivations are based on the rotor theory of references 3 
and 4. The assumptions involved are discussed in ap])endix 
A. Comparison of the ecpiations with more accurate ])ut 
less general calculations presented in references 5 and 6 is 
made in apjiendix A and shows good agreement. The 
charts based on the equations of appendix A are considered 
applicable to tip-speed ratios equal to or less than 0.10. 

An expression is also derived in appendix A for determing 
typical blade-section angles of attack in the hovering or 
vertic’al-flight condition. This expression provides a basis 
for determining the limits of validity of the equations for 
tail-rotor collective pitch caused by tail-rotor stall. Another 
condition of oi)eration wherein the theory becomes invalid 
is the vortex region. This region of operation is treated l)y 
means of a semi empirical theory and is also discussed in 
appendix A. 


In figure 1, 6/ (tail-rotor collective pitch angle at 

-BR \ 

) 


j «« 


is shown as a function of the axial advance ratio 


/V sin /3\ 
\ HR ~)t 


V,i+wx)V, 


for constant values of , 

VA 1 + W^) 

0.03, 0.00, 0.09, and 0.12. In tlie construction of figure 1, 
equations (A5) and (AO) were used for the region where 
the momentum theory was applicable. For the vortex 
region, figure 2 and equation (Al) were used as discussed 
in appendix A. The vortex region, the limits of which are 
given l)v ecpiations (Al2) and (Al3), is shown dashed in 
figures 1 and 2. 

pApiation (A9) indicates that a line of constant Crjcr 
corres])onds to a constant value of . Thus, the lines 

^BR 

/n \ 

for the larger values of 


a, 


are also labeled in figures 1 


and 2 with the values of in order to allow their use 
for studies of blade stall. 

Of the three quantities of which 9i^ is a function in 


figure 1, only the parameter is not known at 

the start. Determination of this quantity is facilitated by 
plotting it in figure 3 against the tail-rotor sideslip angle 
for constant values of the tail-rotor forward-speed parameter 
/ V/ilR \ 

regions where the momentum theory is 
applicable were obtained by iterative solution of equations 
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Figure 1 . — Continued. 
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Figure 1. — Continued. 


Tail-rotor pitch angle at -^BR radius, 
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Figure 1. — ('oncTudcd. 


Inflow parameter, 
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I + (>i/X)2 
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Tail-rotor sideslip angle, deg 


Figure 3. — Chart for deterniining ( | . Dashed lines indicate vortex reeion. 

Va^H-(mA)2A 
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(Al5) and (A16). For tlie vortex region, which is shown 
(lashed, equation (A17) and figure 2 were used as discussed 
in appendix A. The limits of the vortex region in figure 3 
are given by equations (A 18) and (Al9) which are ])lotted 
in figure 4. 

RESPONSE TO PEDAL DEFLECTION 

A complete tail-rotor study involves, in addition to charts 
of static rotor characteristics, an analysis that predicts the 
response of a helicopter to pedal deflection. Such an analysis, 
which deriyes the equation for the yaw of the helicopter 
following a step displacement of the pedals, is presented in 
appendix B. Associated main- and tail-rotor stability 
derivatives are also derived in appendix B. To simplify the 
analysis, two extreme cases are considered. In the first 
case, the rotor speed is assumed to remain constant during 
the yawing maneuyer, whereas in the second case the rotor 
speed is assumed to vary enough that constant speed with 
respect to earth axes is maintained; that is, AQ=r. 


ILLUSTRATIVE CALCULATIONS 

The use of the charts of figures 1 and 3 for tail-rotor design 

studies, as well as the pedal-response analysis, is illustrated 

by the sample calculations giyen below. The examples were 

chosen to be illustrative of the type required to investigate 

the ability of a helicopter to meet current flying-quality 

requirements. During the calculation of response to pedal 

deflection, the procedure for obtaining the rotor derivatives 

^CtI(t , ^Ct!^ • '11 X. A 1 

and — IS illustrated. 
be ba 

The following characteristics are assumed: 

Main rotor: 

il, radians/soc ... 20 

hp.__ 350 

Vhov, ft/sec 30 

Direction of rotation (counterclockwise as viewed from 
above) 

/z, slug-fU - -1 000 
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Tail rotor: 

<r ... 0. 12 

ft2 39. 6 

ft 30 

S2/?, ft/sec 505 

Pitch range, deg —5 to 15 

6\, deg - _ — S 

[apirRHilimi 108,000 

Pedal travel, br (right pedal reduces tail-rotor pitch), in 8 

(General: 

Iz (including mass of tail rotor), slug-ft^ 5, 000 

Aerodynamic yawing moment (except where noted) 0 

P 0. 00238 


TAIL-ROTOR PITC H REQUIRED TO HOVER 

Inasmuch as fuselage yawing moments are assumed ecpial 
to zero, 

^_35J)^550_ 

' 20X30 


Cr 


321 

"0.00238X39.6X(565)^' 
(rvM, =0.089 


= 0.0107 


Inasmuch as n = 0, 


(vi+(m/x)0, 


'I'hus, from the chart of figure 1(d) for ^ /X)^ } ~ 

at ^ (A"-- = 0 and (rv/<r), = 0.089, 8, =12.6°. 


0 . 12 , 


(07?), 


I BE 
4 


TAIL-ROTOR PITC H RECJUIRED TO TURN OVER A SPOT IN A 30-KNOT 
(50.6 ft/sec) WIND 


Tail-rotor pitch required for trim at different sideslip 
angles. — The first step in determining the tail-rotor pitch 
required to turn slowly over a spot in a 30-knot (50.6 ft/sec) 
wind is to find the tail-rotor thrust, which in turn depends 
cm the main-rotor torque. The main-rotor torcjue may be 
found as follows: 


50.6 


Vhov 30 


1.69 


By using this value of Vlihov, figure 8 of reference 7 yields 
Thus, the induced power required at 
30 knots is /^,=0.64 X0.8 X350= 1 79. By assuming no 
change in the hovering value of profile-drag power, the total 
power required at 30 knots is then P = 0. 2X350 + 1 79 = 249. 

By repeating the previous procedure, 


y, _ 2^9X 550^ ,^20 ]| 

20X30 


Cr 


228 

0.094X (565)2 
0076 


0.12 


/^\ 0. 
V a )t r 


= 0.0076 


0.0635 


00404 


(<!//),="■“ 



Ph’om figure 3, values of ( ^ ^ can l)c obtained for 

V^i+(m/x)V. 

various values of (Inasmuch as r = 0, then and 

r=T"f.) Then, by interpolation between the charts of 
figure 1, 6 1 can he obtained. The computations are pre- 

-RR 

4 

sented in tal)le I. Similar computations were also made for 
20-knot and 10-knot winds. The presentation of these 
results in graphical foini is made in figure 5, in which is 
plotted the tail-rotor pitch recpiired by the sample helic*opter 
to hover at various sideslip angles in various winds. The 
vortex ivgion for each curve is to the left of the flag. 


TABLE I.— TAIL-ROTOR PITCH REQUIRED FOR TRIM AT 
DIFFERENT SIDESLIP ANGLES IN A 30-KNOT WIND 


gh 

=0 09Y ^ 

= 1.4; ^=0.06:15; «r,=0.l2 J 

V VCr/2fi2/ 

fit, deg 

<rt 


BH, deg 


0 

0.050 

0 

7.8 

10 

.062 

.016 

9.0 

20 

.074 

.031 

10.2 

30 

.086 

.045 

11.4 

40 

.096 

.058 

12.4 

50 

. 105 

.069 

13.3 

60 

.112 

.078 

14.0 

70 

. 117 

.085 

14.7 

80 

. 120 

.089 

15. 1 

90 

. 120 

.090 

15. 1 

-10 

.037 

-.016 

6.9 

-20 

.043 

-.031 

7.2 

-30 

.052 

-.045 

7.5 

-40 

.062 

-.058 

8.0 

-50 

.075 

-.069 

8. 1 

-60 

.090 

-. 078 

8.4 

-70 

. 104 

-.085 

8.4 

-80 

. 116 

-.089 

9.0 

-90 

. 120 

-.090 

9.4 



Figure 5. — ^Effect of forward speed and sideslip angle on tail-rotor 
j)itch required for sample helicopter to hover over a spot. V'ortex 
region for each curve is to the left of the flag. 
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Tail-rotor pitch required to turn at a steady rate. -In 
order to obtain information on the damping in yaw of the 
tail rotor, the tail-rotor pitch required to maintain a steady 
yawing velocity of 0.2 radian/sec, both to the left and to 
the right, during a turn in the 20-knot (33.7 ft/sec) wind will 
be computed subsequently. (The damping in yaw of the 
main rotor and fuselage will be neglected.) 

For each sideslip angle 0, and Vt are computed by using 
equations (B8) and (B9). Then, repeating the procedure 
for finding the tail-rotor thrust coefficient as was done for 
the 30-knot-wind case in the preceding section, 


and 


(^)= 0 . 0-2 

/ V/ilN \_ 


0.88 


By using equation (BlO), 

/V sin j8\ _V sin fi—ltr 

\ )r 


is then obtained from figure 3. 


— 0.06 sin jS— 0.01 


{^R)t 


Then, by interpolation between the charts of figure 1, the 
data in table II for r=20 knots, r=0.2 radian per second, 
were obtained. Similar computations, made for /•=— 0.2 
radian per second, are presented in graphical form (fig. 6) 
together with the results for the r=0 case from figure 5. 

RESPONSE TO PEDAL DEFLEC TION WHILE HOVERINO IN ZERO WIND 

The yaw response per inch of rudder pedal deflection for 
the sample helicopter while hovering in zero wind will now 
be calculated. The stability derivatives needed for ecjua- 
tions (B2) and (B3) will be determined from the charts of 
figures 1 and 3 for the two extreme assumptions that Af2 = 0 
and Ai2=/’. By assuming small displacements from trim, 
the derivatives will be computed at the trim condition. 


15 
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Helicopter sideslip ongle, )3, deg 

Figure 6. — Effect of helicopter rate of yaw on tail-rotor pitch required 
for trim at different sideslip angles (U=20 knots). Vortex region 
for each curve is to the left of the flag. 

which is 
St = 12 . 6 °. 

-HR 

4 

The control derivative dX/ddt is calculated by means of 
equation (B6) as follows: 

For ( ^ -^1=0.12, taking increments from the 

V;i+(m/x)7. 

(^V/o')/=b.06 line to the (t'V/o')/=d.l0 line at ^ - — 0 




T.ABLK II.— T.\IL-R()T()R PITCH REQUIRED TO TU 

.\T 0.2 R.ADI.^N 


— 1,080 "4 

(log 

RX TO RIGHT OVER .V SPOT IX A 20-KXOT WIND 
PER SECOXD 




/?, deg 

TlttV 

COS 

tan 0 

fit, deg 

Vi 

VililR 

<Tt 


1 



0 

0. 178 

0 

-10. 1 

34.3 

0. 89 

0. 077 

0 

-0.011 

10 

.181 

. 18 

-.3 

32.2 

.87 

.081 

.010 

—.001 

20 

.190 

.36 

9.9 

31.8 

.83 

.087 

.020 

.009 

30 

.205 

.58 

20.5 

31.2 

.82 

.094 

.030 

.019 

40 

.233 

.84 

31.2 

30.2 

.78 

. 102 

.038 

.027 

50 

.277 

1. 19 

42.3 

29.3 

.76 

. 108 

.046 

.035 

60 

.356 

1.73 

53.9 

28.6 

. 74 

.113 

.052 

.041 

70 

.520 

2.75 

65.9 

28.2 

.73 

. 116 

.056 

. 045 

80 

1.025 

5.67 

77.9 

27.8 

.72 

.119 

.059 

.048 

90 



90 

27.8 

.72 

.120 

.060 

.049 

—10 

.181 

-.18 

-19.6 

35.3 

.92 

.068 

-.010 

—.021 

1 —20 

. 190 

-.36 

-29.0 

36.3 

.94 

.076 

-.020 

—.031 

-30 

.205 

-.58 

-38.0 

37.2 

.97 

.080 

-.030 

—.041 

-40 

.233 

-.84 

-47.1 

37.9 

.99 

.088 

-.038 

—.049 

—50 

.277 

-1. 19 

-55.7 

38.5 

1.00 

.098 

-.046 

—.057 

-60 

.356 

-1.73 

-64.4 

39.0 

1.02 

. 107 

-.052 

—.063 

—70 

.520 

-2. 75 

-73.0 

39.2 

1.02 

. 114 

-.056 

— . 060 

-80 

1.025 

-5. 67 1 

-81.5 

39.7 

1.03 

. 118 

-.059 

—.070 

, -90 

1 



-90 

39.7 

1.03 

.120 

-.060 

-.071 


BRf deg 


9.0 

9.5 
10.2 

10.9 
11.4 

11.9 
12.6 

13.0 

13.1 
13.1 

8.5 
8.8 

9.1 

9.3 

9.4 

9.6 
9.9 

10.0 

10.0 
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TIk* (ail-rotor damping (leiuvalive is coniputod by nieaiis 
of (‘(jiialion (Bll). The first part of tho expression is ob- 
tained by taking inereinents from (C'r/o-)^=:().08 to 
0.10 alon^ the St =12.0° line in figure 1(d). The second 

])art of the expression is zero for the ])resen( hovering-in- 
z(‘ro-\vind (aise. Thus, 




AA' 


^ \ 

./\’siii|8\V ilH/t 

_ V iin A 


VVi+(m/x)7, 




// cos |3'\ diCr/a-), 

\A i + (MA) / / 

^ _ 1 OS 000 I ol 

108.000^ 505 0.022-(-0.02.T+ J 


= — 2,550 


Ib-ft 


radian/sec 


I 1 1 I 

Inasmuch as I =0, then . = — ^^ = 0. 

' dv 

For the assumption that Ai2=0, there is a damping con- 
tribution of the main rotor that is coni])uted from equation 
(Bl2) as 


(S) 


2X:mX55i)_ I b-ft 

“ 12 20X‘20 " ^ radian/sec 


By substituting into equation (B5) and taking 7^=7,000 
slug-ft“, the value of c is found to be 


-2550-900 


7000 

Then, from equation (B4), 


= — 0.50 


ASt 


— 85(c-"-^''' + 0.50^-l) 


F or* 1 second, 

^^^““^^=—3.7 deg/(leg 
Atit 

Thus, for the assum])tion that A12 = 0, the dis])lacemeiit in 
yaw j)er inch of pedal ti*avel at /=! second is 

Adr deg —8 in. in. 

whei’e the —8 inches is the total rudder* pedal deflection 
coi*resi)onding to the total ])itch range of 20°. 

For the assuni|)tion that A12==/*, Iz is now eciual to 5,00t) 
slug-ft^, A.V/A0/ is unchanged, and {dA'/dr)m={). Inasmuch 
as, at trim, (V^sin I3)t^i), the additional dam])ing in yaw of 
the tail r*otor l)ecause of its variation in speed is (as pointed 
out in ajipendix B) equal to (dN/dr)m conqiuted under the 
assuni])tion that A12=0. Thus, 

a( ^I^) =-9f)0 - - 

V or /t radian/sec 


Then, by substituting into equation (B5j, 


-2550—960 

5000 


0.70 


and, fr*om ectuation (B4), 

^-=-2o(c-"'“‘ + 0.7()^-l) 


For second, 


v(t=\) 

ASt 


= —4.9 deg/deg 


-^=-4.9X^=12.3 (Icfr/iii- 

iXUf o 


For (I'sin p)t = 0, the only difference in the exponential 
equation for rj/ASt resulting from the use of the two different 
rotor-speed assumptions arises from the use of a smaller 
momeiit-of-inertia value in the A12 = r case. If the moment 
of inertia of the main i*otor is relatively large compar*ed with 
that of the fuselage, the more conservative assumption 
should be used for design purposes. In the present illustra- 
tive example, inasmuch as the values of yaw dis])la(;ement 
computed for the two ditt’erent rotor-speed assuni])tions do 
not differ very much, the average value is used. Thus, for 
the sam])le helicopter in hovering at zero wind, the dis])lace- 
nieiit in yaw ])er inch of pedal travel at t = 1 second is 


r7(/=i)^9.3+12.3 
A5, 2 


= 10.8 deg/in. pedal 


In figure 7 are shown, for the sample helicopter, time 
histories of response to a 1-inch step displacement of the 
rudder ])edals while hovering in zero wind. The curves 
were obtained from the coin])uted eciuations for rj/ASt which 
were derived on the alternate assum])tions of eonstant rotor 
speed and At2 = r. At ^ = 1 second, the average value of tj 
is 10.8°, as determined previously. 

RESPONSE TO PEDAL DEFLEC TION WHILE HOVERINC; IN 30-KNOT WIND 

There will now be computed the tail-rotor pitch required 
to satisfy the re(|uirement of reference 1 that the helicopter, 
while trimmed at the most critical yaw angle during hovering 
in a 30-knot wind, achieve 3° of yaw in the first second fol- 
lowing full pedal deflection in the critical direction. 



0 


.5 


to L5 

Time, sec 


2.0 


Figure 7. — Resj)onse of sample helicopter in hovering to a 1-inch step 
displacement of pedals. 
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For the sample helicopter, table 1 indicates that the 
critical yaw an^le during hovering in a 30-knot wind is 90® 
left yaw (right sideslip) at which time 15.1° of tail-rotor pitch is 
required. In order to illustrate a less simplified case, it will 
he assumed, however, that because of fuselage yawing 
moments the critical angle is 00° right sideslip and there is 
an aerodynamic yawing moment to the right of 1,500 pound- 
feet acting on the fuselage. Thus, before ])roceeding with 
tlie response-to-pedal-deflection calculations, it is first neces- 
sary to calculate the pitch angle required to trim at the new 
critical yaw angle of 60°. 

Determination of new trim value of tail-rotor pitch. -By 
repeating the pro(*edure used in a jirevious section for com- 
puting the pitch required for trim while hovering in a 30- 
knot wind, l)ut taking the fuselage yawing moment into 
account, the following equations are given; 

^,- 60 ° 

7’, = 228+’:^J‘^=278 11) 

= 0.0093 
= 0.0775 
= 0.00494 
(TAJ/?), = 0.090 


From figure 3, 


Thus, 



Interpolating lietween the charts of figure 1 | J 

= 0.09 and 0.12, for =0.0785 and ((?r/a’) ^ = 0.0775, 

gives dt =15.5°. Thus, the new trim value of tail-rotor 

I- 

pitch is 15.5° instead of 15.1°, which was calculated for the 
case of zero assumed fuselage yawing moment. 

Computation of tail-rotor pitch required to maneuver. 
The calculation of the additional amount of tail-rotor pitch 
required to achieve 3° of yaw in the first second following full 
pedal deflection will be carried out, as in the iireviously 
described calculations of a step-])edal maneuver in zero wind, 
under the alternate assumptions of constant rotor speed and 
a variation of rotor speed eciual to the yawing velocity. 

By assuming constant rotor speed, the stability derivatives 
needed for equations (B2) and (B3) are determined in a 
manner similar to that carried out for the zero-wind case as 
follows: 


From equation (BO), 


^•''=- 1,090 

dd, (log 


From ('(Illation (Bl2), 


=- 


t <>y), 

From equation (Bll), 


690 


Ib-ft 

lad ian/sec 




30 -0.02 
565 0.031 


^).008 O^tm / _.30>^;5 _3 y _ Jb-lt 

o:oY^-^''i/.57.3V 50.6 Jj i-adiau/sec 

Altlioiigli the aorodynamie fusclago moinont is assumed to 
i'('main imcliangod during tlic ])(>(! al-dcflect ion maneuver, 
tlu're is a cliangc in the static-directional stability of the 
tail rotor. This derivative is fotmd hy sulistituting into 
e(iuation (Bl4) values for known constants and slopes 
obtained l>y interpolation between the 0.09 and 0.12 cliarts 
of figure 1 and from figure 3. Thus, 


dN^ —0.040 
d0~ 0.060 

-0.006 

0.03 


108,000X0.090 cos 60°— 
0.12X108,000X0.004X.57.3 


=3,240 + 590 = 3,830 Ib-ft/radian 
For ttirns over a s])ot, 

= —3,8.30 Ib-ft/radian 

drj d/3 

Substituting tlie calculated derivatives into ('(piation (B3) 
gives 


-3900-690 


-3830 


=0 


5000+2000 5000+2000 

By solving for tlie comple.x roots a±6i, 

a =—0.33 

and 

6 = 0.66 

Substituting into e(iuation (B2) gives 

^= — 16.3 [e-“ “'(— b..50 sin 0.66t— cos 0.660 + 1] 
Sd, 


For#=l second. 


5.4 deg/deg 


Thus, under the assumption of constant rotor speed, 

— =0.88° of additional tail-rotor pitch would be 

3.4 deg/deg 

required to achieve 3° of yaw in the first second following 
the pedal displacement. 
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Under the assumption that the ealciilation would 

proceed as follows: 


an 

Adt 


/^ = 5,000 
is unchanged 


^ is unchanged 

The additional damping in yaw due to variations in tail- 
rotor speed is obtained from eciuation (B20). The derivative 


d{CrN)t 


has already been obtained for dN/dfi. Thus, 


/V sin /3\ 

'{ akV, 


Substituting into equation (B3) gives 


^2 - 3900- 1110 ^ - 3830_ 

® 5000 * 5000 


DIRECTIONAL STABILITY AND DAMPING IN YAW 

The curves of figure 5 indicate that, if fuselage directional 
stability characteristics are neglected and tail-rotor thrust is 
assumed to act toward the right, the typical single-rotor 
helicopter at speeds below 10 knots is directionally stable 
from approximately 50° left sideslip to about 90° right side- 
slip. For speeds higher than about 10 knots, the stability 
characteristics during sideslip in the direction of tail-rotor 
thrust are similar, the directional stability increasing with 
speed. For sideslip in the direction opposite to tail-rotor 
thrust, however, a directional instability appears, as a result 
of the tail rotor entering the vortex region. The curves in 
figure 6 indicate that, although the damping in yaw at 20 
knots is normally stable, in the vortex region the damping 
in yaw is approximately zero, or even slightly unstable. 
Similar curves for 30 knots indicate large erratic variations 
in damping in yaw, from unstable to stable, in the vortex 
region. Also, although it is not shown by the curves of 
figures 5 and 6, reference 8 gives evidence that the vortex 
region corresponds to an unsteady-flow condition. 

Inasmuch as the axial component of velocity through the 
tail rotor depends upon the sine of the sideslip angle, the 
curves of figures 5 and 6 can be used for the entire azimuth 
range of ±180°. For example, at /3=160°, the tail-rotor 
pitch is the same as at fi=20^. 


and 


u = — 0.50 


6 = 0.72 


Thus, by substituting into equation (B2), 


’ =16.3 [«-"■“(— 0.70 sin 0.72<-cos 0.720+1] 
Au I 


Vov t— 1 second, 

-=-4.2 cleg/deg 

Tl le additional pitch required would then be 

— =0 71° 

4.2 deg/deg 

Tail-rotor pitch needed to satisfy requirement of refer- 
ence 1. Taking an average of the answers for the two differ- 
ent assumptions gives 


A0_9-8^O+1=O.8° 


Thus, in order to achieve the required 3° of yaw in the first 
second, 0.8° of additional tail-rotor pitch would be required. 
The total value of dt needed to satisfy the requirement of 
reference 1 is, therefore. 


<9,= 15.5°±0.8°=16.3° 

DISCUSSION OF ILLUSTRATIVE CALCULATIONS 

Some significant characteristics of low-speed tail-rotor 
directional stability and control can be deduced from the 
sample calculations made herein. 


RESPONSE TO STEP PEDAL DEFLECTION 

The time history of figure 7 is typical of first-order single- 

dN 

degree-of-freedom systems inasmuch as ^=0. Initially, 

the rate of displacement depends primarily on the inertia, 
whereas later it depends primarily on the damping. At all 
times, the displacement depends upon the control moment. 
Thus, by calling for a specific yaw-angle range in 1 second, 
requirements such as those of reference 1 insure against 
insufficient or excessive control moment in relation to the 
inertia and damping in yaw. Preliminary study of yaw con- 
trol in near-hovering flight indicates that the pilot probably 
expects the yaw displacement to be within certain limits a 
short time after a reasonable pedal motion. 

P^or the sample helicopter in hovering, the yaw response at 
the end of the first second was calculated to be 10.8° yaw 
per inch of pedal displacement. Preliminary flying-quality 
studies indicate that, if the pedals have large friction and 
out-of-trim forces, such a response may be too high. Of 
course, reduction in pedal friction and incorporation of a 
trimming device would help. If, however, the yaw control 
were still too sensitive, a possible solution might be the 
incorporation of a mixing linkage in the tail-rotor control 
such that collective pitch or throttle motion would also 
produce a tail-rotor pitch change. Then the pitch change 
per inch of pedal could be reduced. Another advantage of 
such a mixing linkage is that it would reduce the coordination 
necessary between pitch lever and pedals during hovering at 
different wind speeds. Reducing the sensitivity of the 
sample helicopter by increasing pedal travel is not feasible, 
inasmuch as the travel is already a typical value of 8 inches. 

From the calculation of response to pedal deflection in a 
30-knot wind, it was found that 16.3° of tail-rotor pitch 
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would be required for the sample helicopter to meet one of 
the requirements of reference 1. This recpiirement (‘alls for 
the ability, while trimmed at the most critical yaw position 
in a 30-knot wind, to achieve at least 3° of yaw in the first 
second following full displaccunent of the j)edals in the 
critical direction. I^y use of figures 1 and 3, the minimum 
pitch at which the tail rotor would start to stall in the range 
from 0 to 30 knots was found to he about 18)2°. Thus, it 
ajipears that the tail rotor of the sample helicopter could he 
rigged to give the required pitch without danger of stalling. 

COMPARISON OF THEORY WITH EXPERIMENTAL RESULTS 

In order to study the adequacy of the charts presented 
herein, a comparison of the theory was made with experi- 
mental results. In figure 8 are presented plots of pedal 
position against sideslip angle during fairly rapid turns over 
a sjiot in a wind of approximately 13 knots for the single-rotor 
helicopter shown in figure 9. This helicopter has character- 
istics that are generally similar to the sam])le helico])ter 
characteristics used herein. The sideslip angle was obtained 
by integrating measured yawing-vcdocity records. In figure 
8 are also presented theoretical curves of pedal ])osition 
against sideslij) angle computed from the charts herein for 
the helicopter of figure 9 for the first half of the turn in each 
direction. (Only the first half of the turn is computed 
because the experimental sideslip angles during the second 
half of the turn are inaccurate because of the accumulation 
of integration errors.) The assumption that AQ = r was used 
in calculating the theoretical curves, Init, for simplicity, the 
additional damping in yaw of the tail rotor due to changes 
in rotational speed was neglected, as were fuselage yawing 
moments. The tail-rotor thrust was corrected for measured 
y a wing a ccelerat ion . 

During the turn to the left, the measured pedal position 
varies rather smoothly throughout the entire maneuver. 
However, during the early part of the turn to the right 
large and rapid pedal displacements are indicated. The 
resultant velocity and sideslij) angle at the tail rotor, corrected 
for yawing V(docity, were computed during the computation 
of the theoretical curves. Comparison with figure 4 indicated 
that, during the turn to the left, the tail rotor never entered 
the vortex region; whereas during the turn to the right, it 
did. The range of sideslij) angle for which the tail rotor was 
within the vortex region based on figure 4 is indicated in 
figure 8(h). It can he seen that the large and rapid pedal 
motions all occurred while the tail rotor was in the vortex 
region. The pilot’s effort when the tail rotor is operating 
in the vortex region is increased, probably because, as indi- 
cated jireviously, the flow conditions there are unsteady and 
the dani])ing in yaw is low or unstable. 

The qualitative correlation of the theoretically and experi- 
mentally indicated extent of the vortex region gives some 
c.onfidence in the accuracy of the downward inflow limit of 
the vortex region in the theoretical curves herein. As 
indicated in appendix A, this limit was based on the indication 
of reference 8 that the vortex region begins when the axial 
comj)onent of velocity is a])j)roximately 40 jiercent of the 
inflow velocity. 


This region of difficult tail-rotor control that results when 
the tail rotor enters the vortex region is similar to that which 
is experienced when the main rotor enters the vortex region 
during j)artial-j)ower descent at zero or low forward sj)eeds. 
Knowledge of the existence of this region of difhcult tail-rotor 
control should be of value to jiilots, in that they would not 
expect to achieve steady conditions in this region and hence 
would try to avoid prolonged ojieration therein when feasible. 



(a) Turn to left. 

Figure 8. — Measured pedal position against sideslip angle during 
fairly rapid turns over a spot in a wind of 13 knots for helicopter of 
figure 9 and comparison with theory. Data points are second 
apart. 
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Figure 8. — Concluded. 



Figure 9. — Helicopter on which data of figure 8 were obtained. 
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Foi’ a particular hclicoptci-, the iv^ions of forward spccal 
and sid('slip angle in which tail-rotor control difficulty may 
he ex])erieiiced can be coin])uted from figure 4. Limited 
unpublished flight data indicate the vortex region to be less 
])otent, or peiliaps even nonexistent, at the higher forwaixl 
speeds covered in figure 4. The large component of velocity 
perpendicular to the rotor shaft at the higher forward speeds 
may reduce or eliminate the formation of this type of flow. 
However, until a more thorough experimental investigation 
establishes an upper speed limit to the vortex region, the 
entire vortex region of figure 4 may well be considered as a 
region of potential difficulty. 

At 0° angle of sideslip, the theoretical curves of figure 8 
indicate about 15 percent more right pedal, or about 3° less 
pitch, than the experimental curves. Some of this differ- 
ence is thought to be due to the experimental pitch being 
lower than that indicated by pedal j)osition because of play 
and distortion in the tail-rotor control system. At high val- 
ues of tail-rotor pitch, a large left pedal force is required along 
with the left pedal deflection, indicating a large pitch- 
reducing tendency in the tail rotor. Also, the effectiveness 
of the root portion of the tail-rotor blade is jirobably reduced 
somewhat by the exposed heads of the bolts used to attach 
the blade to the root fitting. Jn addition, calculations indi- 
cate the taper of the tail-rotor blades, which was neglected 
in the theoretical derivatives herein, causes the theory to 
underestimate somewhat the tail-rotor collective pitch. All 
these conditions cause the theory to underestimate the re- 
quired tail-rotor pitch. Thus, for design purposes, tliese 
factors must be accounted for, either rationally or empirically. 

For the turn to the left, the shape of the theoretical curve 
compares well with that of the experimental curve, exce})t 
for somewhat higher slopes. The difi’erence in slope indi- 
cates that the fuselage is unstable directionally. 


For the turn to the right, the theoretical curve does not 
match the experimental curve as well. This situation is to 
be expected because of the unsteady fiow conditions in the 
vortex region. 

This (‘omparison between measured and theoretical tail- 
rotor pitch during fairly rapid turns over a spot indicates 
the charts and procedures herein to be useful for computing 
either the change in tail-rotor pitch needed for a given 
dynamic maneuver or the motion of the helicopter due to 
pedal deflection. 

CONCLUDING REMARKS 

Theoretically derived charts and equations have been pre- 
sented by which tail-rotor design studies of directional trim 
and control response at low forward speeds (i.e., at tip-speed 
ratios less than 0.10) can be conveniently made. These 
charts can also be used to determine the main-rotor stability 
derivatives of the ratio of thrust coefficient to solidity with 
respect to pitch angle and rotor angle of attack at low for- 
ward speeds. 

Studies made with the charts and confirmed by flight 
tests indicate a region of difficulty of tail-rotor control at 
various combinations of forward speed and sideslip angle 
similar to that which has been experienced on main rotors 
during partial-power descent at zero or low forward speed. 
It appears desirable to avoid jirolonged operation in this 
region. 

The measured variations of tail-rotor pitch during a 
moderately rapid turn over a spot in a wind can be fairly 
well ])redicted theoretically. 

Langley Aeronautical Lahoratory, 

National Advisory Committee for Aeronautics. 

Langley Field, Va., October 27, 1953^ 


APPENDIX A 

THEORETICAL DEVELOPMENT— STATIC ROTOR CHARACTERISTICS 


111 this appendix, equations for the eollective pitch of a 
tail rotor at low forward speeds are derived in terms of its 
forward speed, tip speed, sideslip angle, thrust coefficient, 
solidity, and the yawing velocity of the helicopter. These 
equations are used to derive charts from which the tail-rotor 
directional-stability, directional-control, and damping-in- 
yaw derivatives can be obtained. 

ASSUMPTIONS 

Uniform inflow, — ^The inflow through the rotor is assumed 
to be uniform. The eflect of a radial variation in inflow' is 
discussed later. Reference 3 indicates no appreciable effect 
of longitudinal inflow asymmetry on thrust at fixed values 
of pitch and average inflow'. 

Isolation of tail rotor. — At some forward speed the tail 
lotor enters the dow'iiw'ash field of the main rotor. The 
effects of operating in the main-rotor dowmvash field are 
neglected, inasmuch as the primary effect is a change in the 
direction of flight of the tail rotor. The effect of tail-rotor 
supporting structures and the proximity of tail surfaces is 
also neglected. 

Neglect of with respect to unity. —The assumption is 
now' made than /x is less than 0.10 and, therefore, is much 
less than 0.01. Thus, neglect of wdtli respect to unity 
causes a maximum error in each term of about 1 percent. 
The term how'ever, is not negligible w'ith respect to 

Tinity. 

Assumptions of references 3 and 4. — Inasmuch as the 
derivatives in this report are based on the equations of 
references 3 and 4, the assumptions of these references are 
automatically incorporated herein. 

DEVELOPMENT OP" EQUATIONS 

Inasmuch as 6^ =0o+O.75R^i, and is assumed to be 

much less than 1 (/x^<^l), equation (6) of reference 4 can 
be rewritten as follows: 




(Al) 


<ra i ■ Z \BR 
E(iiiation (7) of reference 4 can he rewritten as follows: 

(A2) 


III 


Since the last term represents rotor induced velocity, 
absolute bars have been added to X in order to make the 
exjiression ahvays positive. Also, has been added in the 
denominator of the last term in order to provide consistency 
W'ith forw'ard flight analyses, w'herein it is assumed that the 
rotor is effective only in producing thrust out to BE. 


For the noi’mal w'orking state of a rotor w'herein X is 
negative, equation (A2) can be solved for X as follows: 


~2 




+1 


Ct 




(A3) 


Substitution of o(juation (A3) into equation (Al) and 
solving for 6-,, gives, for negative X, 




+ 


1 Cy 

IP 


Vl “b(M/X)‘ 


+ 


4 Ct_V_ sin a I 

^2— o7?"2'J 


(A4) 


In order to put equation (A4) into a more eonvenient fonn 
for tail rotors, 6^ will be expressed in degrees, and instead 

-BR 

4 

of the angle of attack a, the sideslip angle ^ will be used. 
For the case of counterclockwise main-rotor rotation, the 
tail-rotor thrust is to the right for the conventionally pow'ered 
helicopter. Thus, a for the tail rotor is equal to — ,w'here 
is positive for sideslip to the right. (In the jet-powered 
helicopter, the tail-rotor thrust required to overcome the 
friction torque w'ill act to the left for counterclockw'ise main- 
rotor rotation, in w'hich case a=/3. The sign convention 
corresponding to the conventionally pow'ered helicopter w'ill 
be follow'ed in this report.) Also, a yawdng velocity of the 
helicopter W'ill cause an additional flow' through the tail rotor. 

Thus, the expression ^ sin a becomes —Vt sin 

w'here F, and are, respectively, the velocity and sideslip 
angle at the tail rotor including the effect of yaw'ing velocity. 
Thus, equation (A4) becomes, for negative X, 




1 j/V sin ^ 4 _ 

2V\ cr Vi+(m/X)' 


4 ^ I 1 /V sm A "I 

aB^ a V" 9:n / J 


(A5) 


For those conditions where X is positive, repeating the 
steps for ecpiations (A3) to (AS) gives 


6^ =57.3 

-BR 


1 //FsinA'_A^ _ 

2B L 2\ V HR )t B^ c Vi + (m/X)^^ 


+ 


aS- a'^2\ HR 7<J 


(A6) 
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VALIDITY OF IINIFOKM INFLOW ASSUMPTION 

rom|)arison of o(iiiation (A4) with ('(jiiation (Al7) of 
ivfoivncu 5 iiKlicatus that 6.. for a linuarlv twistcMl rotor 

■ /i/e 

4 

])la(lo in vortical cliinl) wlioro /x = 0 and sin a= — \ is ociual 
to 6., for an idoallv twisted rotor in vortical climb (at equal 

values of o', ^oid From a study of figure 1 of 

reference 6, it can l)c seen that, at least for the special case 
of hovering, a solution for 6., for a linearlv twisted rotor 

iBH 

4 

including radial inflow variations shows that the pitch angle 

at is verv close to 6^ for the ideallv twisted rotor. 

4 ‘ -BR 

3 

(In fig. 1 of ref. 6, 7^=1.0.) Thus, the assumption made 
herein of uniform inflow is indicated to give reasonably 
correct answers for . 

-BR 


BLADE-STALL LIMITS 

The theory becomes inaccurate when blade sections start 
to stall. In order to give some idea of the section angles of 
attack, the section angle of attack in the hovering or vertical- 
2 . 

flight condition at ^ HR is computed. This radius vv'as 

chosen because it is reasonably representative, and because 
it is easily computed. The com])iitation is as follows: 
From eipiation (27) of reference 4, 


OLc, On 
-BR -BR ^ 

3 3 ^ 




(A7) 


B 


wSubstituting for X from equation (Al) gives 
6 Cr 


\br aB^ (j \4 3 / 


For a and 0i in degrees, setting a=5.73 and 7^=0. 97, 


(A8) 


C 

=65.7 ^-0.08i9i 


(A9) 


VORTEX REGION 

In reference 8 it was reported that, for the test helico|)ter 
of the reference, unsteady conditions were experienced at 
vertical rates of descent above about 500 ft/min. The 
inflow velocity (i.e., resultant velocity through intor disk) 
at this rate of descent is computed to be approximately 1,200 
ft/min. Thus, it is assumed that the momentum theory 
used in the rotor theory of references 3 and 4 is good until 
the axial component of free-stream velocit}^ upward with 
respect to the rotor equals 500/1200, which is approximately 
ecjual to 40 percent of the inflow velocity. 

Reference 9, page 127, indicates that, when the upward 
free-stream velocity exceeds a certain value, the air flow near 
the blade tips takes on the sha])e of a vortex ring instead of 
existing in the form of a simple slipstream ; thus the unsteady 
flow conditions mentioned previously are taken into account. 
This unsteady flow region, in which the momentum theory 
is ina|)plicable, is referred to as the vortex region. In 
reference 9, ])age 131, the momentum theory used in the 


rotor theory of references 3 and 4 is indicated to become good 
again when the axial com])onent of flight velocity upward 
through the rotor is ecpial to twice the inflow velocity. 

Inasmuch as the momentum theory used in references 3 
and 4 (and, hence, in this re])ort) is not valid in the vortex 
region, an empirical procedure is used to obtain solutions of 
tail-rotor collective ])itch in this region. This procedure is 
based on the use of enqiirical curves relating vertical flight 
speed to induced velocity in the vortex region and is outlined 
as follows: Dividing the three terms in equation (A2) by 


V 


Ct 

2/7^-\/l +(^/X) 


2 


and using the angle instead of the angle a gives, for nega- 
tive X, 


V sin ^/QR \ 


^V2/^Vi+(m/x)V, Ws/^Vi+Cm/x)^ 


+ 


' j^lJ£ZZ 

V2/iVl+WX)' 


(A 10) 


and, for positive X, 



(All) 


For vertical climb or descent (/x=0; sin ^t= dzl), equations 
(AlO) and (All) correspond to the computed portions of 
figure 8 of reference 9 (chapter 6) where the momentum 
theory is applicable. For forward flight (m> 9; sin ±1), 
the same curves apply if the axial component of velocity is 
used iuid both coordinate i)arameters are modified with the 
V1 + (m,/X)^ term. Therefore, it will be assumed that the 
empirical portion of the curve of figure 8 of reference 9 
(chapter 6) would also be applicable to forward flight if the 
Vi + (m,A)^ term is included in the coordinate ])arameters and 
the axial component of velocity is used. However, the more 
extensive data of reference 10, modified somewhat in accord- 
ance with flight experience such as that reported in reference 
8, are used instead. 


In figure 2 is plotted the relation between 



X 

~c; 


\ 


2/yVi+(M/x)V, 


and 


' V sin ^/QR 

I Cr 

y 2/y^VT+^)7 < 


The regions where the momentum conce})t is a})plical)le 
were obtained from e/iuations (AlO) and (All). The 
vortex region which, as discussed previously, is between 

^ — si _ n^/3/lw ^ shown dashed, ajid is 

based on figure 12 of reference 10, modified somewhat in 
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accordance with flight experience, such as that reported in 
reference 8. By using equation (Al) and the empirical 
region of figure 2, values of 6.. can he computed for the 

-HR 

4 

vortex region for given values of (U sin fijiYR) {(\l<y)h 

""■'(vTOw); 

With the aid of e(( nation (A3), the limits of the vortex 
iTgion can he expressed in tei’ins of these parameters, for 
downward inflow, as 


and, for upward inflow, as 


(A12) 


(A] 8) 


DETERMINATION OF Vi+(a*A)' 

The pitch angle 6^ has thus far been determined as a 

'^BR 

4 

function of three iiarameters, CtIct, ^ 

Vi+(m/x)^ 

All of these quantities can normall}' be easily obtained except 
Vl + (/x/}9^. The procedure for obtaining Vl + (iu/X)^ is now 
discussed. 

The quantity m/X can be obtained by rewriting equation 
(A2) as follows: 


^-lan a /,>)-.> 


COS^ 


a\\/fx\ Vl +(m/X)^ 


(A14) 


For negative values of X, using the relation ^t= — a, 
eciuation (Al4) can be solved to give the following equation: 

1 


iVn 


_t an 0_ /tan^ /3 

2 / /i ' 


1 


(Alo) 


For positive values of X, solution of equation (Al4) gives 

=/ ^ ^ ^ \ (AKi) 

\\A / tan ^ , iUm^ 8 1 I 


Pi /tan^ ^ 

2 Y 4 ~ {V/QRy cos^ /3 


Vl +(m/X)^ 


Kcpiations (Al5) and (Al6) can be used to solve for 

V m li 

Vl +(/w/X)^ by itei*ation wlien fixed values of , = — and are 


\CtI2JP 


given. 


For the vortex region where the momentum theory is 
inapplicable, the following empirical procedure is used: 


F sin a/QR 


fjL_V COS al^lR_ 

X X " 


^ 2/r‘ 


Cr 


2/yyi + (M/x)^ 


c\ 


\tan a 




Then, inasmuch as — 


©r 


V sin 


'^2ir^ 


Cr 


yi +( m/x)^ 




4an 


(A17) 


_\V2/^ST+(m/X)V 

By using figure 2, equation (A 17) can be solved for 
Vi + (m/X)^ in the vortex region by iteration when fixed values 

of and are given. 

\^Crl2R0t 

The limits of the vortex region for these parameters can be 
computed to be, for downward inflow. 


/ v/nN \ / 

vvG/^y, vv 


0.34 


yCTl 2 B^/t \Vl+( 0 . 403 /tan/ 3)2 sin ft 
and, for upward inflow, 

/ V/QR \ / 2 \ 

\^!CtI2bO, \\ 1 + (2/tan ftj^ sin /3/, 




(A18) 


(A19) 


APPENDIX B 

THEORETICAL DEVELOPMENT— RESPONSE TO PEDAL DEFLECTION 


The equation for the yaw of the helicopter following a step 
displacement of the ])edals, together with formulas for the 
stability derivatives required by the solution, are derived in 
this appendix. 

E()UATI0N of motion 

By assuming a one-degree-of-freedom system, the equation 
of motion of a helicopter in yaw is 


bN br) 


T 


be br bt 


bN ^ bN 

br] bdi 


(Bl) 


The equation of motion is solved l)y means of the 
Laplace transfoi-mation for a step deflection of Adi ^Did 


bt 


(Q') = Ar]({)) = {). Using the procedure and tables of 


reference 11 and converting rj to degrees gives 
l^e”' (^1 sin ht-cos 6i^+l J 


’7(0= 


{a^+h'^)h 


(B2) 


whore a±bi are, the roots of the charactoristie equation 

= 0 (B3) 


2 drildr ^ _dA'/c)7j_ 


« j-s — 

-'z 

bN 

For the special ease of =0, e(|uation (B2) l)eeomes 

Or] 


where 


bN 
-ct—\ bd, 


Ae,X57.3 


Iz 


c 


bN/br 

Iz 


(B4) 

(B5) 


STABILITY DERIVATIVES 

During a yawing maneuver, the rotor speed would vary 
some as a result of the change in rotor torque. In order to 
simplify the situation to a one-degree-of-freedom sA^stem, 
two extreme cases are studied. In the first case, the rotor 
speed is assumed to remain constant; whereas, in the second 
case, the rotor speed is assumed to vary enough that it 
remains constant with respect to earth axes — that is, A12=r. 
In the first case, the main rotor contributes inertia and 
damping in yaw. In the second case, the resulting change 
in tail-rotor speed varies the damping in yaw of the tail rotor. 

Assumption of constant rotor speed. The equation for 
the bN/bdi derivative is 


AA; 

Adi 


^lip(rr/i^i(iUi)i^ai 



CB6) 


Changes in tail-rotor thrust due to yawing velocity are, in 
20 


general, due to the resultant changes in ^ 

( ~ ) • Thus, the equation for the (bN/b/ji deriva 

\^i+(p/\y/i 

tive is 

/T^ sin 0—lr\ 

/a) I iin )t, 


in 




d((77’/cr)f 




br 


d(tV/o")f 



Ql 

bfii br 


(B7) 


The forward velocity V and the sideslip angle 13 at th(‘ 
tail rotor are different from the corresponding values at the 
helicopter center of gravity if a yawing velocity r is iiresent. 

From a study of figure 10, pi can be expressed in terms 
of and r; and can lie expressed in terms of U, I3, and fii 
as follows: 

/3, = tan-‘(tan^--^>-^) 

T/ — 

^ COS 


(B8) 

(B9) 



Figure 10. — Sketch showing geometry for converting from 1^, /8, and 


. xr , ^ X ^ l"sin)3 — rb ^ ^ rb . xr Tcos^ 

r to I , and 0,. tan 0,= ^ =tan ^ 


T" cos jS 


Vt sin Uv^in ^ — rlt. 
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Also, the axial component of velocity can be expressed in 
terms of V, and r as 


Vt sin ^i—V sin 


(BIO) 


By using equations (B8), (B9), and (BlO), and carrying 
out the indicated differentiations, equation (B7) becomes 






/V sin jS\ 

V f2/t> A 




cos 


d(CrM, 






( ' .V 

\Vi + (mA) 




(Bll) 


If constant torque coefficient is assumed, the (dA^/dr)^ 
derivative becomes 




(B12) 


'J'he tail rotor contribiitos to the directional-stability 
derivative dN/bfi while the helicopter is hovering in a wind. 
'Phe contribution can he computed as follows (/3, is assumed 
equal to inasmuch as the effect of a yawing velocity is 
accounted for in the derivative (bN/br)i): 



b[ 

V sin 

Carrying out the differentiation, 


bN 

bN 

. m, J 1 


( 1 F sin 

d[ 

sin/3— //r“| 

bfi ^ 

a- )r,A-»m)!\ ' 

*v 12 "" UR /, 


. (p:R)t J 


{- an -), 



dN 


Of + 


Qi ~KmA)0 


(B13) 


entiation gives 


losing equation (BlO) and carrying out the indicated differ- 
bN bN ri’ cos ^“1 , 

L J, 


bfi 


/F sm A I 
UR J, 


bN 




(vi+( 


b( 


A 


. y/f +( mA)0 
bfi, 


\Vi+(mA) 

which may be expressed in terms of the thrust-coefficient- 


solidity ratio as follows: 

5A^_ d (CTlo)t(Ttp{TrB^)t (p,R)tHt ri" cos /3n__ 

^ {V sin A L J 


/V sin /3\ 

\-m X 






0i 


(B14) 


Assumption of A^2z:r. - The additional damping in yaw of 
the tail rotor due to a variation in tip speed is computed 
as follows: 


Or-‘-(A. 

Inasmuch as 7’,=6V,p 


(B15) 




0r“^‘ 0 p{wR%{V.R)M‘^-^‘ (B16) 


but, inasmuch as A12=r, then 


dr dt2 12 


Also, 


(dCrlcr),^ d{C: 


b A' A 

\ UR )t bih 


br 


(V sin A 

( aR ). 


bUi 


bv 


(B17) 


(B18) 


dr 


(BIO) 


Substituting equations (Bl7) and (BlO) into ecjuation 
(B16) gives 


(t')r-'' 

r b{Cr/<T), /Fsin/3\ <7,p(7r^-),(12i?)<' 2 

/FsiiiAV A ‘ 

UR ), 



(B20) 

At trim in unyawed flight, (Fsin ;3),=0, and equation (B20) 
becomes 

which is identical to equation (B12). Thus, it is seen tliat, 
wlien (Fsin j3),=0, the damping-in-yaw contribution of the 
main rotor computed with the assumption of constant rotor 
speed is equal to the additional damping-in-yaw contribution 
of tlie tail rotor computed with the assumption that AU=r. 
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